Here we review the rapidly growing toolbox of transgenic mice and rats that exhibit functional expression of engineered opsins for neuronal activation and silencing with light. Collectively, these transgenic animals are enabling neuroscientists to access and manipulate the many diverse cell types in the mammalian nervous system in order to probe synaptic and circuitry connectivity, function, and dysfunction. The availability of transgenic lines affords important advantages such as stable and heritable transgene expression patterns across experimental cohorts. As such, the use of transgenic lines precludes the need for other costly and labor-intensive procedures to achieve functional transgene expression in each individual experimental animal. This represents an important consideration when large cohorts of experimental animals are desirable as in many common behavioral assays. We describe the diverse strategies that have been implemented for developing transgenic mouse and rat lines and highlight recent advances that have led to dramatic improvements in achieving functional transgene expression of engineered opsins. Furthermore, we discuss considerations and caveats associated with implementing recently developed transgenic lines for optogenetics-based experimentation. Lastly, we propose strategies that can be implemented to develop and refine the next generation of genetically modified animals for behaviorally-focused optogenetics-based applications.
Introduction
The past decade has yielded remarkable breakthroughs in methodologies that impart functional control of genetically targeted cell types using light, particularly with respect to applications involving the nervous system. As a result, this field of research called 'optogenetics' has rapidly evolved from a specialized technique into a mainstay of modern neuroscience. This progression is not surprising given the fact that the ability to manipulate neuronal activity with light greatly improves spatial and temporal precision as compared to classical methods such as physical lesion or chemical inactivation for analyzing brain function. In addition, optogenetic approaches enable unprecedented rapid reversibility, a design that is apt to produce especially compelling experimental evidence. Such refinements are well-suited to behavioral neuroscientists seeking to probe the causal relationship between defined brain circuits and complex behaviors. Indeed, an abundance of recent investigations have harnessed the power of optogenetics to glean invaluable insights into the neural underpinnings of innate behaviors such as sociability [1] , aggression [2] , anxiety [3] , sleep and arousal [4, 5] , habits [6] , feeding and hunger [7] [8] [9] , and conditioned learning and memory [10] [11] [12] [13] [14] [15] , as well as pathological behaviors relevant to reward-seeking and addiction [16] [17] [18] [19] [20] [21] [22] , depression [23, 24] , and motor dysfunction [25, 26] . These pioneering studies employing optogenetics methodologies demonstrate the feasibility and remarkable utility of using light to deconstruct complex behaviors circuit-by-circuit and cell type-by-cell type.
Optogenetics-based investigations in vivo require effective strategies for functional transgenic expression of the proteins that impart optogenetic control, which we refer to collectively as 'engineered opsins'. Several strategies have been employed with success, including in utero electroporation, viral gene delivery, and manipulation of the mouse genome (e.g. developing transgenic lines). Notably, progress in the development of transgenic lines has lagged behind other expression strategies such as viral vector based approaches, which is to be expected given the relatively prolonged time frame required to design, establish and validate a novel transgenic line. Nonetheless, several new transgenic lines have recently been established for optogenetics-based research (Table 1) . Here we described the diverse strategies for making transgenic mouse and rat lines that are suitable for optogenetic studies and highlight the recent innovations that have led to dramatic improvements in achieving functional transgenic expression of engineered opsins. Additional reviews of alternative opsin expression strategies can be found elsewhere [27] [28] [29] .
Overview of strategies for developing transgenic lines for optogenetics research
Numerous genetic modification strategies have been implemented to develop transgenic mouse lines for optogenetics research. These strategies can be easily parsed into distinct categories: (1) plasmid transgenic approaches, (2) bacterial artificial chromosome (BAC) transgenic approaches, and (3) knock-in approaches. Examples of these transgene expression strategies are illustrated as they pertain to developing transgenic lines for optogenetics research (Figure 1 ).
Pronuclear injection of plasmid DNA represent the most straightforward and commonly used approach for creating a transgenic line [30] . Production of plasmid transgenic lines is limited by the availability of relatively short, well-defined promoters to direct transgene expression in specific cell populations. It is often the case that plasmid transgenic lines exhibit broad transgene expression in multiple brain regions or variable expression patterns across multiple founder lines derived from a single pronuclear injection [31, 32] . These features can often be exploited to establish several lines with unique utility, but ultimately it remains a challenge to restrict transgene expression to small subsets of cells in only one or a few brain regions with this approach. In contrast, BAC transgenesis is a powerful approach for directing transgene expression to highly restricted neuronal subsets. BACs are large (generally 100-300 Kb) genomic DNA fragments that can be propagated and manipulated in bacteria. BACs often span entire genes as well as significant portions of flanking sequences that are required to direct the faithful expression pattern of a particular gene in vivo. The Gene Expression Nervous System ATlas (GENSAT) project at Rockefeller University has developed hundreds of GFP reporter and Cre driver mouse strains using BAC transgenesis, and the success of this large scale project has provided an extensive knowledge base for selecting specific mouse BAC clones to target transgene expression to specific domains of the nervous system [33] [34] [35] . Moreover, BAC clone libraries spanning the mouse, rat, and human genome are currently available, along with wellestablished BAC recombineering protocols [36] [37] [38] . Lastly, the knock-in approach utilizes traditional gene targeting to introduce a transgene expression cassette into the mouse genome by homologous recombination in mouse embryonic stem cells [39] . The knock-in transgene expression strategy ensures that a single copy of the transgene is expressed from a defined genomic locus and is particularly valuable for comparing the properties of diverse transgenes that have been targeted into the genome using identical methodology.
Transgenic lines for neuronal activation with Channelrhodopsin
Following the seminal reports in 2005 demonstrating optical control of neuronal firing with Channelrhodopsin-2 (ChR2) in cultured neurons [40, 41] , our laboratory and several others immediately began working to develop ChR2 transgenic mouse lines. From these collective initial efforts it was clear that there were significant challenges to overcome to achieve functional ChR2 expression in genetically modified mice. To impart adequate control of neuronal firing with light required very high ChR2 expression level in vivo with minimal toxicity, proper targeting to the neuronal membrane, and sustained expression throughout the lifespan of the animal. In particular, achieving adequate high-level expression has posed the largest obstacle to success.
Plasmid Transgenic mice and rats
In 2007 we reported the first transgenic mouse lines with functional expression of ChR2 [42, 43] . This was achieved by inserting the ChR2-EYFP transgene into a plasmid containing the mouse Thy1.2 expression cassette and successful integration of the transgenic cassette into the mouse genome. The Thy1.2 promoter drives neuron-specific transgene expression postnatally, peaking around 1-2 months of age, and is sustained in the adult. Thy1.2 is among the strongest defined neuronal promoters and has been previously used to create many other mouse lines with high level transgene expression in the nervous system [31, 44] . Notably, transgene expression from the Thy1.2 promoter often results in distinct lines exhibiting either broad neuronal expression or more restricted and random expression pattern in subsets of neurons in the central and/or peripheral nervous system. Seven unique Thy1.2-ChR2-EYFP founder lines were initially described that showed regionally restricted expression of ChR2-YFP in the mouse nervous system. Two of these lines, Thy1.2-ChR2-EYFP lines 9 and 18, were deemed to be most broadly useful. Both lines exhibit ChR2 expression in layer V cortical pyramidal neurons, CA1 and CA3 pyramidal neurons of the hippocampus, and various nuclei of the thalamus, midbrain and brainstem. The lines differ slightly in that line 9 has more extensive expression of ChR2 in retinal ganglion cells and line 18 has expression in cerebellar mossy fibers. A third line, Thy1.2-ChR2(H134R)-EYFP line 20, was developed for expression of the ChR2(H134R) variant that is reported to have enhanced photocurrent amplitudes relative to wild-type ChR2. Additional motifs were added to the ChR2 coding region to enhance sub-cellular trafficking, though it seems these alterations did not lead to notable improvements. Thy1.2-ChR2(H134R)-EYFP line 20 exhibits a similar but notably more diffuse pattern of expression compared to the earlier lines (indicating relatively lower ChR2(H134R)-EYFP expression in a broader subset of neurons rather than higher expression in a restricted subset of neurons), and there is no evidence to suggest significant improvement in the functionality of this line. As such, Thy1.2-ChR2-EYFP line 9 and line 18 remain the preferred lines and are much more widely used in the neuroscience field.
Several investigators have demonstrated successful optogenetic manipulation of neuronal function in brain slices derived from both Thy1.2-ChR2-EYFP line 9 and line 18 for diverse applications including technical innovations in photostimulation methods [45] [46] , cortical circuit mapping [43] , analysis of cortical information processing [47] , and demonstration of integrated optical stimulation and voltage-sensitive dye imaging [48] . In addition, ChR2 expression in a subset of retinal ganglion cells was sufficient to restore light responsiveness in retina isolated from a mouse model of retinal degeneration crossed to Thy1-ChR2-EYFP transgenic mice [49] , but was not sufficient to restore visual function in vivo.
The Thy1.2-ChR2-EYFP transgenic lines have also been implemented in many in vivo studies. Using anesthetized Thy1.2-ChR2-EYFP line 18 mice it was shown that superficial illumination of the exposed cortex or olfactory bulb was sufficient to induce robust neuronal firing in cortical layer V pyramidal neurons and mitral cells, respectively [42] . This finding demonstrated that optic fiber implantation is not required for optogenetic manipulation in living mice. Anesthetized Thy1.2-ChR2-EYFP line 18 mice were also used to map brain activity in sensory cortex using combined optical stimulation and functional magnetic resonance imaging (opto-fMRI), thereby demonstrating a powerful new non-invasive technique for in vivo analysis of brain function [50] . A complementary approach was also implemented to extensively map activity patterns and connectivity of sensory and motor cortex using combined optical stimulation and voltage-sensitive dye imaging in vivo [51, 52] . Similarly, combined optogenetic simulation and Ca 2+ dye-based imaging in vivo was used to explore mechanisms of visual map development during the critical period using Thy1.2-ChR2-EYFP line 18 mice [53] .
Optogenetic manipulation of animal behavior has also been achieved using awake as opposed to anesthetized Thy1.2-ChR2-EYFP line 18 transgenic mice [25, 54] . In a landmark study examining the therapeutic potential of optogenetics for treating brain disorders, high frequency (but not low frequency) photostimulation of cortical layer V pyramidal neurons in the motor cortex or the axonal projection to the subthalamic nucleus (STN) was sufficient to fully ameliorate motor dysfunction in transgenic mice with chemical lesion of the nigrostriatal pathway [25] . These findings in hemiparkinsonian rodents provide crucial insights into the therapeutic mechanism of deep brain stimulation in debilitating human disorders such as Parkinson's disease. The Thy1.2-ChR2-EYFP transgenic mice were also instrumental in developing a potentially therapeutic strategy for motor control using optical neural control of the peripheral nervous system. Photostimulation applied to the isolated sciatic nerve by an optical cuff was effective at achieving orderly recruitment of motor units in the physiological sequence [55] , a feat that was not possible using electrical stimulation methods. These findings suggest new avenues of therapeutic intervention for individuals with severe motor deficits such as paralysis.
VChR1 is a channelrhodopsin isolated from Volvox carteri that has a red-shifted activation spectrum relative to ChR2 [56] . VChR1 can be strongly activated with yellow light but is only moderately activated with blue light, thereby providing a potentially useful tool for dual-wavelength, separable optical control of distinct neuronal populations using the combination of ChR2 and VChR1. Three Thy1.2-VChR1-EYFP transgenic mouse lines (line 1, line 4, and line 8) were established. Line 1 has very sparse VChR1-EYFP expression in cortical layer 5 pyramidal neurons, hippocampus, thalamus, superior colliculus, inferior colliculus, brainstem, amygdala, and cerebellum. Lines 4 and 8 are highly similar and have very widespread expression in the brain regions mentioned for line 1. The initial characterization of Thy1.2-VChR1-EYFP line 8 transgenic mice revealed that the fidelity of lightevoked firing of cortical and hippocampal pyramidal neurons expressing VChR1 declined sharply at frequencies >10 Hz due to the very slow kinetics of channel closure upon light offset (Ting and Feng, unpublished data) . In addition, the activation spectrum of VChR1 is notably broader than that of ChR2, suggesting that despite the prior demonstration of feasibility [56] , VChR1 is not ideal for dualwavelength optical stimulation experiments.
The first ChR2 transgenic rat lines were also developed using the Thy1.2 plasmid to drive expression of the ChR2-Venus transgene. Four unique lines of transgenic Wistar rats were described based on the target selection criteria of transgene expression in the retina. Of these lines, only line 4 (W-TChR2V4) was selected for detailed functional analysis as this line exhibited expression in the retinal ganglion cell layer and inner plexiform layer, a pattern that was most suitable for the particular investigation at hand [57] . ChR2 expression in retinal ganglion cells was sufficient to impart light responsiveness and to restore a very limited form of vision in rats with photoreceptor degeneration. In a separate study, the same W-TChR2V4 rats were found to have functional expression of ChR2 in mechanoreceptive dorsal root ganglion neurons and their peripheral sensory nerve endings [58] . The expression of ChR2 in this unique neuronal population was sufficient to impart the ability to sense touch in response to blue light applied to the bare plantar skin of forepaws or hindpaws. Thus, the W-TChR2V4 transgenic rat line may prove useful for investigating the various aspects of touch perception. Given the use of the Thy1.2 promoter to drive transgene expression, it is likely that some of these existing W-TChR2V lines also have functional ChR2-Venus in various additional neuronal populations of the nervous system. It was recently reported that W-TChR2V4 has functional expression throughout the hippocampal formation and was useful for opto-fMRI mapping of neuronal connectivity following optical stimulation of dentate gyrus granule cells [59] . Further detailed characterization is necessary to clarify the full potential of these transgenic lines for optogenetic investigations in rat.
One other ChR2 plasmid transgenic mouse line was developed using the 12 Kb fragment of the rat olfactory marker protein (Omp) gene promoter sequence to drive expression of the ChR2-EYFP gene fusion [60] . Three distinct lines were reported (line 20, 32, and 33) with transgene expression detected in the vomeronasal organ and accessory olfactory bulb. Line 20 (named ORCM) had additional expression in the olfactory epithelium and proved to have functional ChR2-EYFP expression in all olfactory sensory neurons. Photostimulation of olfactory neuron axon terminals within individual glomeruli generated strong synaptic excitation and allowed for precise mapping of mitral and tufted cells that share common inputs-so-called sister cells. This approach facilitated detailed analysis of odor responses measured simultaneously from sister pairs in vivo to reveal distinctions in correlations of phase but not rate of sensory-evoked firing, indicating that sister cells likely convey nonredundant information. In addition to olfactory circuit mapping, these transgenic mice may also be useful for behavioral studies exploring neural mechanisms of odor perception and discrimination.
BAC Tg mice
BAC transgenesis is a reliable method for restricting transgene expression to only one or a few genetically-specified neuronal subtypes. The large DNA fragments (~100-300 Kb) contained in BAC clones are far more likely to contain all of the necessary elements for proper specification of gene expression as compared to plasmids containing relatively short promoter fragments (generally <10 Kb). However, few endogenous gene promoters are predicted to drive the high level of transgene expression that is required to achieve functionality with ChR2 or other engineered opsins. Despite this concern, several useful lines have been established.
The first successful ChR2 BAC transgenic line was developed using a BAC clone that spanned the genomic sequence of the vesicular glutamate transporter-2 (Vglut2) gene and 95 Kb of upstream and 56 Kb of downstream sequence [61] . The ChR2(H134R)-EYFP sequence was inserted in place of the Vglut2 gene in order to prevent overexpression of Vglut2. Vglut2-ChR2(H134R)-EYFP BAC transgenic mice exhibited extensive ChR2(H134R)-EYFP expression in glutamatergic neurons of the spinal cord and hindbrain regions consistent with the known expression pattern of Vglut2. Vglut2 is also expressed in glutamatergic neurons located outside of the hindbrain and spinal cord but it remains to be determined if Vglut2-ChR2(H134R)-EYFP transgenic mice exhibit functional ChR2 expression in any of these other regions of the nervous system. The Vglut2-ChR2(H134R)-EYFP transgenic mice were used to demonstrate that photostimulation of glutamatergic neurons in the lumbar region of the spinal cord is sufficient to drive rhythmic locomotor output. In addition, photostimulation of glutamatergic neurons in the caudal hindbrain regions could activate the spinal locomotor network by a direct descending synaptic command. In contrast, photostimulation of the hindbrain region containing the pre-Bötzinger complex and para-facial nucleus did not alter locomotor activity, but was sufficient to entrain respiratory rhythms. Thus, Vglut2-ChR2(H134R)-EYFP transgenic mice can play an important role in the optogenetic dissection of diverse motor-related animal behaviors.
Our laboratory developed a collection of cell-type specific BAC transgenic mouse lines with functional expression of ChR2(H134R)-EYFP in several major classes of neurons [62] . VGAT-ChR2(H134R)-EYFP BAC transgenic mice have strong expression of ChR2(H134R)-EYFP specified by the vesicular γ-aminobutyric acid (GABA) transporter (VGAT) gene regulatory elements to direct transgene expression in GABAergic neurons. ChR2(H134R)-EYFP expression was detected in the olfactory bulb, thalamic reticular nucleus (TRN), superior and inferior colliculus, the molecular layer of the cerebellum, and brainstem. We also detected ChR2(H134R)-EYFP expression in cortical and hippocampal interneurons (all sub-regions) and demonstrated robust neuronal firing induced by light in these regions in brain slices from hemizygous transgenic mice. Of particular note, cortical fast-spiking interneurons were able to sustain light-evoked firing rates up to 80 Hz with high fidelity, and photostimulation of interneurons in cortical microcircuits elicited powerful synaptic inhibition of pyramidal neurons. We also demonstrated successful axon terminal field photostimulation of GABA release within the medial habenula [62] , a region that is reported to be devoid of local GABAergic interneurons [63] . In a separate study, VGATChR2(H134R)-EYFP transgenic mice were used to demonstrate that optical activation of the TRN switches the firing mode of thalamocortical relay neurons from tonic firing to burst firing and generates cortical spindle oscillations in freely-behaving animals [64] . Further work with this line may help to clarify the importance of cortical spindle generation to certain behavioral state-transitions and in sleep-dependent memory consolidation.
The enzyme tryptophan hydroxylase 2 (TPH2) is the rate-limiting enzyme in the synthesis of serotonin in the central nervous system. TPH2-ChR2(H134R)-EYFP BAC transgenic mice have expression of ChR2(H134R)-EYFP specified by the TPH2 gene regulatory elements to direct transgene expression in serotonergic neurons [62] . ChR2(H134R)-EYFP expression was detected in the dorsal raphe nucleus (DRN), median raphe nucleus (MnR) and interpeduncular nucleus (IPN) brainstem regions. We demonstrated light-evoked spiking in serotonergic neurons of the dorsal raphe nucleus (DRN) using brain slices from hemizygous transgenic mice. ChR2 functionality in other serotonergic populations was not assessed. A previous study using viral expression of ChR2 in brainstem serotonergic neurons was able to show dual component light-evoked serotonin/glutamate release from axon projections of serotonergic neurons that terminated onto GABAergic interneurons of the hippocampus [65] . In contrast, we were unable to provide evidence for axon terminal photostimulation in projection targets of serotonergic neurons such as the hippocampus and medial prefrontal cortex in the TPH2-ChR2(H134R)-EYFP BAC transgenic line. Based on these findings it seems that direct illumination of the raphe nucleus may be the only means to achieve successful optogenetic control of serotonergic transmission in this line, probably due to the moderate level of transgene expression.
To enable optogenetic control over parvalbumin (Pvalb)-expressing neurons in the nervous system, the ChR2(H134R)-EYFP transgene was expressed under the control of the Pvalb gene regulatory elements [62] . Pvalb-ChR2(H134R)-EYFP BAC transgenic mice have strong transgene expression in the TRN, brainstem, inferior colliculus, and the molecular layer of the cerebellum. Light-evoked neuronal spiking was confirmed in the TRN and cerebellum (Purkinje cells and molecular layer basket and stellate cells). Despite the known expression of parvalbumin in cortical, striatal and hippocampal interneuron subsets, we observed no functional ChR2(H134R)-EYFP expression in these areas, likely reflecting the relatively weak activity of the parvalbumin promoter in these regions. Pvalb-ChR2(H134R)-EYFP BAC transgenic mice have been used to dissect cerebellar circuitry [66] . Photostimulation of cerebellar molecular layer interneurons in brain slices from PvalbChR2(H134R)-EYFP BAC transgenic mice elicited robust inhibitory synaptic input onto Purkinje cells, whereas, no inhibitory responses were detected from simultaneously recorded Golgi cells.
Choline acetyltransferase (ChAT) is the enzyme responsible for acetylcholine synthesis. ChAT-ChR2(H134R)-EYFP BAC transgenic mice have expression of ChR2(H134R)-EYFP specified by the ChAT gene regulatory elements to direct transgene expression in cholinergic neurons of the nervous system [62] . Two distinct lines were established, one with high level transgene expression (line 6) and one with lower transgene expression (line 5). In ChAT-ChR2(H134R)-EYFP line 5 functional transgene expression was only demonstrated in striatal cholinergic interneurons. The relatively weak ChR2 photocurrents were sufficient to drive sustained moderate potentiation of spiking activity over tens of seconds without inducing depolarization block, a feature that may be desirable for behavioral testing paradigms involving prolonged or repeated bouts of photostimulation. Notably, EYFP reporter fluorescence is not readily visible without signal enhancement in this line. In contrast, ChAT-ChR2(H134R)-EYFP line 6 has ChR2(H134R)-EYFP expression in the striatum, basal forebrain, facial nucleus, trochlear nucleus, medial habenula, cortex, and various other brainstem motor nuclei, consistent with the known distribution of cholinergic neurons. Robust light-evoked neuronal spiking was confirmed for striatal cholinergic interneurons, medial septal neurons, and neurons in the ventral two-thirds of the medial habenula using brain slices from line 6 hemizygous transgenic mice.
The cholinergic neurons located in the ventral two-thirds of the medial habenula send a massive axonal projection to the interpeduncular nucleus via the fasciculus retroflexus. This pathway shows remarkably high transgene expression in the ChAT-ChR2(H134R)-EYFP line 6 BAC transgenic mice, which enabled a clear demonstration of successful photostimulation of axons by applying a restricted light stimulus to the fasciculus retroflexus [62] or directly to the axon terminal field in the interpeduncular nucleus in acute brain slices [67] . This approach yielded direct evidence for corelease of glutamate and acetylcholine at the habenulo-peduncular synapse [67] . Optogenetic stimulation of this pathway in vivo may help to unravel the physiological significance of the dual transmitter phenotype in the context of discrete animal behaviors.
In order to demonstrate the utility of the ChAT-ChR2(H134R)-EYFP line 6 BAC transgenic mice for precise optogenetic control of spiking in vivo, we implanted a tetrode/optic fiber assembly into the striatum of hemizygous line 6 mice. We reported that optogenetic drive of striatal cholinergic activity at 30 Hz exerted a depressive effect on putative medium spiny neuron activity in awake, behaving animals [62] . In a separate study, optogenetic activation of cholinergic projection neurons in the horizontal limb of the diagonal band of Broca inhibited spontaneous activity of all major cell types in the main olfactory bulb in anesthetized ChAT-ChR2(H134R)-EYFP line 6 mice [68] . This finding is consistent with the hypothesis that cholinergic activity enhances olfactory discrimination in vivo.
Knock-in mice
The Mas-related G-protein-coupled receptor D (Mrgprd) is a molecular marker for a subset of non-peptidergic spinal cord sensory neurons that transmit polymodal pain information [69] . Mrgprd-ChR2(H134R)-Venus knock-in mice were developed to investigate spinal circuitry connectivity of Mrgprd-expressing neurons [70] . Light-evoked firing was recorded from dissociated dorsal root ganglion (DRG) neurons of heterozygous and homozygous Mrgprd-ChR2(H134R)-Venus knock-in mice. In spinal cord slices, photostimulation of DRG axon terminals was sufficient to evoke excitatory synaptic transmission onto substantia gelatinosa (SG) neurons. Successful optogenetic control enabled ChR2-assisted circuit mapping to directly demonstrate that Mrgprd-expressing neurons form connections onto virtually all known classes of SG neurons, although only half of the SG neurons receive direct afferent input from Mrgprd-expressing neurons. These findings suggest that SG modules exist and may represent a mechanism for modality-selective sensory information processing [70] . Importantly, because ChR2(H134R)-Venus transgene insertion at the Mrgprd locus replaced the endogenous Mrgprd gene, heterozygous knock-in mice have reduced, while homozygous knock-in mice have ablated Mrgprd expression. Although Mrgprd null mice were reported to have no overt behavioral or anatomical abnormalities [69] , Mrgprd deletion did alter DRG neuron excitability [71] . This finding may place some constraints on the use of Mrgprd-ChR2(H134R)-Venus knock-in mice for optogeneticsbased behavioral studies aimed at understanding mechanistic aspects of pain information processing.
A second Omp-ChR2-EYFP transgenic mouse line was reported in which the ChR2(H134R)-EYFP transgene replaced the endogenous Omp gene [72] . This knock-in line has transgene expression in all mature olfactory sensory neurons and their axon terminals in glomeruli of the olfactory bulb, which is identical to the pattern reported for the Omp-ChR2-EYFP plasmid transgenic mice [60] . The main difference between lines is that the knock-in strategy disrupts the endogenous Omp gene, whereas the plasmid transgenic strategy leaves the endogenous gene unaltered. Thus, mice that are heterozygous for the OmpChR2(H134R)-EYFP knock-in allele will have a 50% reduction in the expression of Omp, which may present a confound for the analysis of olfactory sensory functions. Despite this caveat, the knock-in mice were used to obtain evidence that mice can be trained to behaviorally report the perception of sniff phase of olfactory input (delivered as direct patterned photostimulation of the olfactory sensory neurons), which to some extent complements the findings of Dhawale et al. [60] .
Cre/loxP intersectional expression strategy
A particularly exciting area of progress in transgenic lines for optogenetics research has been the rapid progress in developing mice with Cre-inducible expression of engineered opsins. This approach typically involves a 'Cre reporter' line specifying the transgene of interest with an upstream floxed transcriptional STOP cassette (loxP-STOP-loxP) to prevent transgene expression, and a second 'Cre driver' line with Cre expression driven by a cellular promoter to dictate the cell-type specificity. Crossing the two lines leads to excision of the loxP-STOP-loxP cassette to allow transgene expression in cells that have at any point in time expressed Cre. This approach has immense potential because it can leverage the everexpanding repository of well-characterized Cre driver mice to hypothetically achieve functional opsin expression in any neuronal or even nonneuronal cell type. It is also possible to use virus injection to achieve restricted Cre expression in Cre reporter lines, thereby adding another layer of versatility with this technology.
The first Cre-inducible ChR2 knock-in line was developed by targeting a CAG promoterloxPSTOP-loxP-ChR2(H134R)-EGFP cassette into the Rosa26 locus of the mouse genome [73] . When crossed to a cre driver mouse line the transcriptional STOP cassette is excised (leaving one residual loxP site) to activate ChR2(H134R)-EGFP expression only in Creexpressing cells. Thus, this intersectional expression strategy can enable transgene expression in diverse genetically-defined cell types. Unfortunately, only weak functional transgene expression was demonstrated with this initial Cre-inducible knock-in line. To achieve functional ChR2(H134R)-EGFP expression it was necessary to use mice homozygous for the Cre-inducible ChR2 allele and heterozygous for a transgene directing expression of tamoxifen-inducible Cre in cortical interneurons. This enabled ChR2-assisted circuit mapping of inhibitory connections onto cortical excitatory neurons in brain slices. However, even two copies of the Cre-inducible allele were not sufficient for light-evoked neuronal firing in mice expressing Cre in cortical pyramidal neurons. These findings indicate that additional strategies are necessary to achieve robust ChR2 expression from the Rosa26 locus in order to gain access to broad classes of neurons in the nervous system. A simple but highly effective improvement was recently described for creating Rosa26 locus knock-in mouse lines with enhanced Cre-dependent expression of reporter genes by combining the strong ubiquitous CAG promoter and woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) sequence in the targeting vector design [74] . This approach proved to be the much-needed solution for creating improved Cre-inducible ChR2 knock-in mouse lines. Two new lines were described with robust cre-inducible expression of ChR2(H134R)-tdTomato (line Ai27) or ChR2(H134R)-EYFP (line Ai32) [75] . The functionality of ChR2 was demonstrated by photostimulation of cortical pyramidal neurons in brain slices from Emx1-Cre;Ai27 (E-Ai27) and Emx1-Cre;Ai32 (E-Ai32) mice. Detailed comparative analysis revealed stronger light-evoked responses with the E-Ai32 line compared to the E-Ai27 line. No differences were found in the expression level or membrane localization, suggesting that perhaps the bulkier tdTomato fluorophore interferes with ChR2 function with expressed as a fusion protein. Despite this issue the Ai27 line may be desirable for some applications since the tdTomato fluorophore can be excited with minimal photostimulation of ChR2.
The potential for axon stimulation with light was assessed in E-Ai27 and E-Ai32 mice. Responses originating from axonal versus somato-dendritic photostimulation in local circuits were distinguished by analyzing the charging phase preceding an action potential threshold. Antidromic action potentials that originate in axons do not have a typical charging phase. This approach was used to demonstrated that ChR2(H134R)-expressing cortical neurons in brain slices from both the EAi27 and E-Ai32 transgenic lines can be efficiently stimulated in axons using light [75] . Lastly, the Ai27 and Ai32 lines were evaluated for optogenetic control of neuronal firing in vivo. High reliability of light-induced spiking in putative hippocampal CA1 basket cells and putative TRN neurons was confirmed in awake, behaving Pvalb-IRES-Cre;Ai32 mice. In addition, light-evoked spiking was also observed for putative cortical pyramidal neurons in awake, head-fixed E-Ai27 and E-Ai32 mice. The magnitude of photoactivation was significantly higher in E-Ai32 versus E-Ai27 mice, consistent with the results obtained in brain slices. Although optogenetic control of neuronal firing was only empirically demonstrated in a limited range of neuronal populations, the available evidence suggests that these lines will be useful for optogenetic control of many other diverse cell types.
We recently developed a Rosa26 locus knock-in mouse line for Cre-inducible expression of the ChETA variant of ChR2 to enable ultrafast optical control of neuronal firing in genetically defined cell types [76] . In light of the significantly reduced photocurrents conferred by the ChETA mutation relative to wild type ChR2 [77] , we implemented several measures to achieve functional transgene expression. We employed the strong and ubiquitous CAG promoter combined with WPRE to enhance transgene expression (as mentioned above). We also selected the E123T/H134R double mutant (ChETA TR ) to try to maximize photocurrent amplitude. Lastly, we inserted two copies of ChETA TR instead of a single copy. At present, this line is the only transgenic animal for optogenetics research that incorporates a physical uncoupling of the fluorophore from the opsin gene, a feature that improves visualization of transgene expressing neurons in living brain tissue and greatly simplifies targeted patch clamp electrophysiology experiments. The choice of the tdTomato fluorophore allows for fluorophore excitation that is largely independent of ChR2 stimulation while searching for transgene-expressing cells in living tissue while avoiding constraints imposed by the gene fusion design.
Previous work has demonstrated ultrafast light-evoked firing in ChETA-expressing cortical fast-spiking interneurons up to 200 Hz [77, 78] . In addition, the fast kinetic properties of ChETA variants lead to improvements in several features of optical control of neuronal function, including (1) elimination of plateau potentials during trains of stimulation due to faster neuronal membrane repolarization between light-evoked spikes, (2) increased fidelity of light-evoked spiking (elimination of extra spikes), and (3) greater consistency of successful spiking across time for extended bouts of photostimulation [78] . Each of these attributes was validated with the cre-inducible ChETA TR knock-in mice following induction of ChETA expression in cortical fast-spiking interneurons. Functional ChETA TR expression was also obtained for additional cell types and was adequate for light-evoked spiking in medium spiny neurons (MSNs) of the striatum (both direct and indirect pathway projecting MSNs) [76] . We are currently investigating if the line is suitable for in vivo optogenetic applications. Notably, although this line has some advantages over existing ChR2 lines, the photocurrent amplitudes attainable are considerably smaller as compared to the Ai32 line. Thus Ai32 remains the Cre-inducible ChR2 line of choice for highly reliable optical control of neuronal firing. Furthermore, preliminary evidence suggests that sustained high level expression of ChETA TR is toxic for some cell types (Ting and Feng, unpublished data).
TetO/tTA intersectional transgene expression strategy
The tetracycline-controlled gene induction system is a transcriptional amplification system with proven utility for enabling inducible and high-level transgene expression in the nervous system of transgenic mice [79, 80] . Two complementary forms of control exist, one for tetracycline-mediated induction of gene expression (tet-on), and one for tetracyclinemediated suppression of gene expression (tet-off). For tet-off applications in transgenic animals, the system requires one transgenic line with a cellular promoter driving expression of the tetracycline transactivator (tTA) and a second transgenic line with a tTA-responsive promoter linked to the gene of interest. The use of cell-type specific promoters to drive tTA expression imparts specificity of transgene induction in genetically-defined cell types. If desired, tetracycline or the analog doxycycline can be used to repress transgene expression.
A tet-off strategy was used to create a plasmid transgenic mouse line for tTA-inducible expression of ChR2-mCherry and NpHR-EGFP from a bidirectional tetO promoter [81] . The line was designated BTR6 for 'bidirectional tetO-rhodopsin line 6,' and BTR6;CaMKIItTA mice exhibited ChR2-mCherry and NpHR-EGFP expression restricted to a subset of dorsal striatum MSNs. The NpHR-EGFP subcellular localization revealed extensive aggregation indicative of poor trafficking and tolerability in mammalian cells, and this correlated with virtually no hyperpolarization with yellow light. In contrast, ChR2-mCherry showed the expected membrane localization, and blue light produced strong depolarization and firing of MSNs. Thus, functionally the BTR6 line is regarded solely as a tTA-inducible ChR2-mCherry transgenic mouse line.
ChR2-assisted circuit mapping was performed in brain slices of BTR6;CaMKII-tTA mice to map the functional connectome of striatal MSNs. Within the striatum, MSNs formed synaptic connections with other MSNs and cholinergic interneurons, but not with fastspiking interneurons. Axon terminal photostimulation in the two major projection targets of striatal MSNs revealed connections with one of two identified classes of neurons in the globus pallidus, and with GABAergic (but not dopaminergic) neurons in the substania nigra. These findings demonstrate the utility of the BTR6 line for circuit mapping; however, the NpHR-EGFP intracellular aggregates may be detrimental to cellular function in a manner that could preclude meaningful behavioral analysis with these mice.
Recently, an improved tetracycline-controlled gene induction system was described (KENGE-tet) where the tetO-ChR2(C128S)-EYFP transgene was inserted immediately downstream of the beta-actin gene polyadenylation signal to create tTA-inducible ChR2(C128S)-EYFP knock-in mice [82] . This strategy was shown to be superior to plasmid and BAC transgenic approaches for tTA-mediated expression from similar but not identical tetO-ChR2 cassettes [81, 82] . The differences are presumably due to relatively more permissive chromatin structure at the site of transgene insertion for the knock-in line relative to the plasmid and BAC transgenic lines. Several new cell-type specific tTA driver lines were developed to expand the range of cell types that could be accessed using the tetO/tTA system. The tetO-ChR2(C128S)-EYFP knock-in mice were crossed with the various tTA driver lines and functional ChR2(C128S)-EYFP expression was demonstrated in Purkinje cells (Gad67-tTA driver), habenula neurons (Htr5B-tTA driver), and inferior olive neurons (Htr5B-tTA driver) in brain slices. Photocurrents were activated by brief blue light and terminated with yellow light, a defining feature of the ChR2(C128S) variant [83] . ChR2-mediated photocurrents were also evoked in non-neuronal cell types, including microglia (Iba1-tTA driver), Bergmann glia (Mlc1-tTA driver), and oligodendrocytes (PLP-tTA driver), indicating a much broader utility of this line.
In vivo optogenetic manipulation of hippocampal CA1 pyramidal neuron firing was demonstrated using head-fixed, anesthetized tetO-ChR2(C128S)-EYFP;CaMKII-tTA mice. A rundown of light evoked firing was observed with repeated photostimulation trials, but light-evoked firing was still observed in later trials. In freely behaving mice, prolonged unilateral photoactivation of the CA1 region was sufficient to induce pronounced locomotion following a delay period of about one minute. This delay argues against a direct motor response to photostimulation, but may instead reflect a motor response linked to some form of evoked cognitive response. The in vivo photoactivation corresponded with biochemical detection of c-fos induction throughout the hippocampal subregions and in both hemispheres. Induction of c-fos expression was also observed in cortical astrocytes when light was applied to the overlying region through the skull of tetO-ChR2(C128S)-EYFP; Mlc1-tTA mice. This finding empirically demonstrates the heightened light sensitivity of the ChR2(C128S) variant and the feasibility of non-invasive light delivery to avoid damage to brain tissue.
Bigenic tetO-ChR2(C128S)-EYFP;PDE10A2-tTA mice were utilized to investigate optogenetic induction of immediate early genes in the striatum region of freely moving animals [84] . The PDE10A2-tTA driver enabled functional ChR2(C128S)-EYFP expression in all virtually striatal MSNs, and brief blue light stimulation in vivo was found to induce rapid upregulation of Npas4 but not c-fos. This approach may represent an effective strategy for investigating differential induction of various immediate early genes in the brain. Most recently, bigenic tetO-ChR2(C128S)-EYFP;Mlc1-tTA mice were further utilized to evaluate the impact of optogenetic stimulation of Bergmann glia on synaptic function in cerebellar circuits [85] . Photostimulation was sufficient to trigger glutamate release from glial cells, resulting in perturbed neuronal activity and synaptic plasticity in cerebellar circuits. This glial optogenetic stimulation paradigm was also sufficient to alter cerebellar-modulated motor behavior. Although the physiological significance of these findings is not clear at present, tetO-ChR2(C128S)-EYFP;Mlc1-tTA mice seem to be an excellent new model to help further our mechanistic understanding of neuron-glia interactions in the brain.
Collectively, these recent results are very promising and strongly suggest that this improved tTA-inducible knock-in line should be further evaluated for the potential to achieve functional opsin expression in diverse neuronal subtypes using additional cell-type specific tTA driver lines. In addition, particular attention should be paid to the functionality of the ChR2(C128S) variant, a first generation step-function opsin [83] . Earlier studies have described issues relating to permanent inactivation produced by exposure to common laboratory white light sources and reduced efficacy of photostimulation with repeated trials [86] , which may pose some important limitations for behavioral testing with these mice.
Transgenic lines for neuronal silencing with Halorhodopsin and

Archaerhodopsin
Of the engineered opsin variants described for optogenetic neural silencing [27, 87] , only halorhodopsin from Natronomonas pharaonisin (NpHR) and archaerhodopsin-3 from Halorubrum sodomense (Arch) have been successfully used in developing transgenic mouse lines for optogenetics research. NpHR is a light-activated chloride pump, whereas, Arch is a light-activated proton pump. The distinct modes of action are each effective at hyperpolarizing neuronal membranes and provide alternative means for implementing optogenetic silencing in different experimental contexts.
Plasmid Tg lines
In 2008 we reported five distinct Thy1.2-NpHR-EYFP transgenic mouse lines designed for optogenetic silencing [88] . These mice are viable but developed extensive intracellular aggregates of NpHR-EYFP in the endoplasmic reticulum (ER). Although it was possible to demonstrate lightinduced hyperpolarization in cortical and hippocampal neurons expressing the transgene, the degree of hyperpolarization was very modest, consistent with poor trafficking of the NpHR to the membrane. Thus, these mice were not suitable for further in vivo experimentation. In light of these findings, we and others designed rational modifications to improve cellular trafficking to the membrane. Addition of an N-terminal signal peptide sequence alone did not fully eliminate intracellular aggregation; however, addition of an ER export motif either alone or in combination with the N-terminal signal peptide sequence (eNpHR2.0) was sufficient to eliminate intracellular aggregates [88, 89] . eNpHR2.0 allows for high-level expression in mammalian neurons without toxicity and confers stronger light-induced neuronal silencing.
Two distinct Thy1.2-eNpHR2.0-EYFP transgenic mouse lines have been developed (line 2 and line 4) that exhibit improved functionality and no overt toxicity. Line 2 and Line 4 have broad transgene expression in cortical layer V pyramidal neurons, hippocampus, thalamus, superior and inferior colliculus, brainstem, amygdala, and cerebellum. Line 4 has additional modest transgene expression in cortical layer II/III pyramidal neurons. Interestingly, Line 4 is an atypical Thy1.2 transgenic mouse line in that eNpHR2.0-EYFP is more highly expressed in interneuron populations relative to principle neurons in some brain regions (e.g. hippocampus and globus pallidus). For example, in the hippocampus of Line 4 mice there is virtually no functional transgene expression in CA1 or CA3 pyramidal neurons or in dentate granule cells. In contrast, interneuron populations have robust eNpHR2.0-EYFP expression in all hippocampal subregions-including strong labeling in the hilus. Alternatively, Line 2 exhibits robust functional eNpHR2.0-EYFP expression primarily in subiculum and CA1 pyramidal neurons and subsets of CA3 pyramidal neurons and dentate granule cells. Average recorded light-induced hyperpolarization is relatively weaker across all brain regions in line 4 as compared to line 2, with the strongest functionality detected in principle neurons of the basolateral amygdala and subiculum in both lines. Thus, Thy1.2-eNpHR2.0-EYFP line 2 is the more broadly useful line for optogenetic silencing studies and exhibits a more conventional Thy1.2 expression pattern; however, Line 4 may be uniquely suited for specialized studies requiring optogenetic silencing of hippocampal interneuron populations. Importantly, modest but functional transgene expression is detected in subsets of cortical and hippocampal interneurons for Line 2 (Ting and Feng, unpublished data), and although under-reported in the literature, this is fairly common for transgene expression from the Thy1.2 promoter.
A plasmid transgenic mouse line with expression of NpHR-EGFP under the control of the human prepro-orexin promoter fragment was developed to enable optogenetic control over orexinexpressing neurons of the lateral hypothalamic area [4] . Three independent lines were reported with varying extent of transgene expression in orexin neurons (line 5, line 7, and line 8) with no overt intracellular NpHR aggregation detected, and line 5 was selected for further use because it had transgene expression in nearly all orexin neurons. The ability of NpHR photoactivation with orange light to inhibit orexin neuron spontaneous firing was validated in brain slices from orexin-NpHR-EGFP transgenic mice, with maximal activation causing hyperpolarization leading to greater than 90% inhibition in spontaneous firing rate. The photoinhibition was effective over extended photostimulation bouts lasting minutes, although inhibition was not complete throughout the duration of light presentation. These results suggested it may be possible to sustain NpHR-mediated silencing of orexin neurons over behaviorally-relevant time scales in vivo. Indeed, acute one-minute bouts of optogenetic inhibition delivered to hypothalamic orexin neurons in vivo was found to induce slow-wave sleep brain activity patterns in freely-behaving orexin-NpHR-EGFP transgenic mice. Optogenetic silencing of orexin neurons with simultaneous extracellular recording from putative dorsal raphe serotonergic neurons, a major projection target of hypothalamic orexin neurons, showed that induction of SWS activity was associated with decreased firing rate of serotonergic neurons. The ability for optogenetic silencing to induce SWS activity patterns was restricted to the day time period, perhaps because the homeostatic drive for sleep is higher in rodents during this period. These findings demonstrate the usefulness of orexin-NpHR-EGFP transgenic mice for optogenetic induction of behavioral statetransitions, in this case the transition from wakefulness to sleep.
Cre/loxP intersectional expression strategy
The Madisen et al, 2012 study [75] describing Ai27 and Ai32 Cre-inducible ChR2 mouse lines also introduced two new Rosa26 Cre-inducible knock-in lines for neuronal silencing that were created using an identical targeting strategy. The Ai35 line has Cre-inducible expression of ss-Arch-EGFPER2, a modified version of the Arch-EGFP fusion protein with enhanced membrane trafficking [87] . The Ai39 line has Cre-inducible expression of eNpHR3.0-EYFP, a functionally improved third generation NpHR that was created by adding an additional trafficking signal sequence derived from Kir2.1 to eNpHR2.0-EYFP [90] . A detailed comparative analysis was performed using brain slices from Emx1-Cre; Ai35 (E-Ai35) and Emx1-cre;Ai39 (E-Ai39) mice [75] . Photostimulation of cortical pyramidal neurons demonstrated that the E-Ai35 line exhibits two to three times higher hyperpolarizing photocurrents than the E-Ai39 line in this neuronal population using yellow light; however, both lines were highly effective for silencing of neuronal firing induced by current injection. In addition, both lines produced nearly identical hyperpolarizing photocurrent amplitudes and equally effective neuronal silencing with photostimulation using either a white LED or red laser light. One notable difference in performance is that the E-Ai39 line showed diminished hyperpolarization of cortical pyramidal neurons with repeated photostimulation trials, whereas, no such diminished hyperpolarization was observed for the E-Ai35 line.
E-Ai35 mice were further analyzed to demonstrate the potential for optogenetic manipulation of neuronal networks. Persistent population bursting was induced in hippocampal slices and activity was monitored with an extracellular electrode in the CA1 pyramidal cell layer. Photostimulation of the CA3 region with a white LED caused a dramatic reduction of burst frequency in CA1, indicating effective optogenetic silencing of the propagation of synaptic activity in this well-defined network. Furthermore, effective silencing of cortical pyramidal neuron activity with green light was demonstrated in vivo using the extracellular recording technique in awake, head-fixed mice for both the Ai35 and Ai39 lines crossed to CamKIIa-CreERT2 tamoxifen-inducible driver mice (C-Ai35 and CAi39). The neuronal silencing was more effective using C-Ai35 mice compared to C-Ai39 mice, similar to the findings in the same neuronal population using yellow light in brain slices from E-Ai35 and E-Ai39 mice. Although optogenetic silencing was only empirically demonstrated in cortical and hippocampal pyramidal neurons, the available evidence suggests that these lines will be useful for optogenetic silencing of many other diverse cell types.
A second Rosa26 knock-in mouse line has been established for either Cre or Flp-inducible expression of eNpHR2.0-EYFP [91] . The original founder line with adjacent loxP-STOPloxP and FRT-STOP-FRT cassettes upstream of the eNpHR2.0-EYFP transgene was bred to germline Cre or germline Flp deleter strains to produce two distinct derivative strains to enable either Cre or Flpinducible transgene expression. Functional silencing with yellow light was demonstrated in cortical pyramidal neurons or cortical interneurons in acute brain slices prepared from mice resulting from a cross to either the Math2-Cre or Dlx5/6-Flpo driver line, respectively. Although these findings demonstrate adequate optical silencing in brain slices, the available evidence suggests that the hyperpolarizing photocurrents attainable with these new lines are approximately 50% less than those measured from EAi39 mice (Cre-inducible eNpHR3.0-EYFP line) under similar conditions. This suggests that some aspect of the targeting design results in suboptimal expression from the Rosa26 locus. Consistent with this interpretation, the authors reported insufficient functionality for a second Rosa26 knock-in line for Cre or Flp-inducible ChR2(C128A)-mCherry expression that was developed using an identical targeting design [91] , but the contribution of the C128A mutation must also be taken into account. Although there are few well-characterized Flp driver mouse lines available at present, the Flp-inducible eNpHR2.0-EYFP line may prove to be a valuable tool in the near future since in principle it could be implemented in conjunction with Cre/loxP technology for simultaneous labeling of non-overlapping, genetically-defined cellular populations with Cre and Flp.
Utilization of transgenic lines for optogenetics-based behavioral studies:
considerations and caveats
Are all neuronal subtypes accessible for optogenetic manipulation using existing transgenic lines?
In principle, virtually any cell population in the nervous system may be accessed for optogenetic manipulation using Cre-inducible ChR2, NpHR, and Arch transgenic mice [75] , assuming a suitable Cre driver line is available. However, at the present time there is no direct evidence to substantial that all cell types will exhibit robust functional opsin expression following Cre-mediated recombination in these new mouse lines. Furthermore, the optimal level of opsin expression required to achieve dynamic functional manipulation of neuron activity is likely to vary extensively across diverse neuron types, and thus, it may not be possible to achieve optimal ChR2 expression in all neuron types with a single 'universal' inducible ChR2 knock-in line. Similar caveats apply for the recently described tTA-inducible ChR2(C128S) mouse line [82] . Only a handful of driver lines and select neuronal populations have been evaluated thus far, and as such, much work remains over the coming years to delineate how broadly useful each of these lines may truly be.
Potential confounds relating to random transgene integration
Pronuclear injection of plasmid or BAC DNA results in the integration of linear DNA into the host genome at a random location. With this in mind, the use of homozygous transgenic animals is never recommended in any experimental context since it is possible that the transgene integration disrupts or alters the expression of an endogenous gene (or genes), and thus the homozygous transgenic animal is in the worst case a null for this unknown gene. It has been estimated that insertional mutations are present in 5-10% of transgenic lines [92] . It is also possible that the pattern of transgene expression may be altered in homozygous versus hemizygous transgenic animals, or that transgene expression may become toxic with increased expression level in a homozygous animal. However, where feasible, it is acceptable to maintain plasmid and BAC transgenic lines in the homozygous state for the purposes of breeding.
A hidden confound: overexpression of 'extra' genes in BAC transgenic mice
Perhaps the most serious yet underappreciated confound is that of 'extra' genes that may be present and overexpressed in BAC transgenic lines. BACs contain large segments of genomic DNA, are readily propagated in E. coli, and are easily manipulated using standard recombination-based genetic engineering methods. These features make BACs an excellent choice for inserting transgenes under the control of cell-type specific promoter elements spanning tens of kilobases or more. Unfortunately, the presence of large genomic segments also poses a significant concern. It can be challenging or sometimes impossible to identify BAC clones that contain sufficient length of regulatory elements for directing faithful patterns of transgene expression but that don't contain 'extra' genes. Failure to remove these extra genes is likely to result in elevated expression of genes unrelated to the target transgene. The extra genes may be expressed in the same populations of cells as the target transgene and/or in various other cellular populations throughout the animal. In the most worrisome cases the extra genes are part of a gene cluster based on function. For example, a BAC clone encompassing the ChAT gene that was modified to create BAC transgenic mouse and rat lines harbors multiple extra genes including the vesicular acetylcholine transporter (VAChT) gene that is important for transport of acetylcholine into vesicles for synaptic release [34, 62, 93] . The VAChT gene is nested within the first intron of the ChAT gene and is not easily deleted without disrupting the promoter region for the ChAT gene. This potential confound should be carefully considered when selecting a BAC transgenic line to employ in a particular study, as this has important implications for the selection of appropriate control groups and in determining the limitations of the study.
Choosing between transgenic lines and virus-based strategies for opsin expression
The availability of transgenic lines affords important advantages such as stable and heritable transgene expression patterns across experimental cohorts. As such, the use of transgenic lines precludes the need for costly and labor-intensive procedures to achieve functional transgene expression in each individual experimental animal-an obligatory step when utilizing the viral gene delivery approach. Furthermore, the viral gene delivery method can prove technically challenging depending on the location and size of the targeted injection site, which leads to several important limitations. Every experimental animal requires surgical stereotaxic delivery of virus encoding the opsin transgene. Inevitably, not every injected mouse is suitable for experimentation owing to experimenter error. Even the mice deemed suitable may have variable spread of the virus at the injection site, gradients of transgene expression in infected brain regions, or potential tissue damage. This represents an important consideration when large cohorts of experimental animals are desirable as in many common behavioral assays. Conversely, if a particular experimental or behavioral paradigm requires a mammalian species other than mouse, then viral gene delivery would be the method of choice due to the insufficient availability of transgenic lines for other species at present. The ability to achieve robust axon stimulation with light has emerged as an especially desirable feature for ChR2 expression systems. In general, axon terminal field photostimulation is most readily achieved with viral vectors to deliver ChR2 to discrete brain regions and cell types because viral gene delivery methods can achieve exceptionally high transgene expression levels. In addition, the viral gene delivery method is inherently well-suited for restricting transgene expression to restricted volumes of tissue and for targeting discrete cellular populations or nuclei. However, several transgenic lines have achieved sufficient opsin expression to enable robust axon stimulation with light in at least some of the brain regions examined, and several transgenic lines either exhibit or allow for highly restricted transgene expression patterns. To improve the utility of future transgenic lines for axon stimulation experiments in behaving animals it will be ideal to implement variants exhibiting more robust photocurrents such as the recently described ChR2(T159C) mutant [94] . Although axon terminal field stimulation experiments are now widely implemented in the optogenetics field, it is important to note that the physiological relevance of ChR2-mediated axon terminal field stimulation with light is not well established at this time, particularly with respect to behavioral testing. Backpropagating action potentials, unintended axon collateral stimulation, and enhanced synaptic release probability are some of the potential confounds that may accompany axon terminal photostimulation.
The exceptionally high expression levels obtained with viral gene delivery of ChR2 and other opsin variants can be undesirable in some experimental contexts. Care must be taken to select appropriate stimulation paradigms as depolarization block of neuronal firing is readily observed when exceedingly strong depolarization is evoked for more than a few milliseconds. For experiments involving viral gene delivery of ChR2 and optogenetic brain stimulation in behaving animals without feedback from simultaneous electrophysiological recordings, an inappropriate light stimulus (e.g. 1-s constant blue light) may elicit pseudosilencing in a subpopulation of illuminated cells due to depolarization block of firing (see also [95] ). This potential confound has rarely been observed with transgenic lines developed to date. Viral vectors for opsin expression utilizing strong cellular promoters also have the potential for causing toxicity or morphological perturbations with prolonged expression times in vivo, although to a lesser extent as compared with the in utero electroporation method [96] . Although this can generally be overcome by opting for shorter expression times, reducing viral titers, or employing alternative cellular promoter elements, again these confounds appear to be less pronounced with transgenic lines, even with sustained expression of the opsin genes throughout the lifespan of the animal. It is clear that both viral gene delivery methods and transgenic lines each have several benefits and pitfalls, and these approaches should be viewed as complementary rather than competing. Indeed, some recent studies have implemented a combination of these methods to strengthen the central findings of the work [25, 53] .
Silencing modality can perturb normal cellular and circuit function
The development and application of optogenetic silencing strategies has notably lagged behind that of optogenetic stimulation with ChR2 and related variants. One potential reason is that the first implemented optogenetic silencing tool, the light-activated chloride pump NpHR (also called Halorhodopsin), was not very effective due to poor trafficking to the neuronal membrane and propensity for intracellular aggregation. Subsequently, rational molecular engineering has produced highly functional, enhanced versions of NpHR (eNpHR2.0 and eNpHR3.0) [90] . More recently, other silencing opsins have been introduced, including the light-activated proton pumps Arch, ArchT, and Mac [87, 97] . Direct comparative analysis of eNpHR3.0, eArch3.0, eArchT3.0, and eMac3.0 revealed that all are well tolerated in neurons, localize efficiently to the surface membrane, and confer robust hyperpolarizing photocurrents [77] , though eMac3.0 was the least effective silencing tool.
Which silencing tool is the most favorable for in vivo applications? Recent work has revealed that NpHR variants may be a poor choice for in vivo applications, including use in the development of transgenic lines. Sustained photostimulation of NpHR-expressing hippocampal pyramidal neurons dramatically perturbs the reversal potential for chloride ions and transiently converts GABA action from hyperpolarizing to depolarizing [98] . This phenomenon has serious implications for analysis of animal behavior using sustained NpHR-based silencing with light. Thus, photoactivation of NpHR should not be regarded as pure silencing mediated by membrane hyperpolarization. In contrast, a transient depolarizing action of GABA can produce enhanced neuronal firing rather than true neuronal silencing during NpHR photostimulation. No effect on the chloride reversal potential was detected with sustained photostimulation of Arch-expressing neurons, as expected since Arch is a proton pump instead of a chloride pump. These findings suggest that Arch and ArchT may be the best suited for optogenetic silencing in vivo, although it is not clear at this time whether extended photostimulation of a light-activated proton pump may have other presently unrecognized adverse impacts on neuronal function. It is suggested that the presence of multiple mechanisms for pH homeostasis may allow neurons to better tolerate proton pumping as opposed to chloride pumping across the cell membrane [98] .
Future Prospects: next generation optogenetic tools
SSFO and relevance to behavioral testing with extended time frames and non-invasive light delivery
The parameter of light sensitivity is also of prime importance for in vivo applications with optogenetics. In this regard, an important barrier has already been broken with the introduction of the stabilized step-function opsin (SSFO) variant of ChR2 [1] . This slow kinetic mutant can sustain depolarizing photocurrents for tens of minutes following a single flash of blue light and is inactivated by green/yellow light. This feature enables sustained activation in the absence of sustained light pulses, which may be important for avoiding brain alterations from extended light delivery (e.g. heat related artifacts or damage). It is also well suited for manipulating neuronal activity in behavioral testing paradigms that last tens of minutes or longer for each trial without the need for continuous light delivery during testing. In contrast, conventional ChR2 stimulation with pulsed light throughout a behavioral trial lasting tens of minutes may be cumbersome. Moreover, the SSFO variant is an order of magnitude more sensitive to light activation, which enables functional activation of SSFOexpressing cortical neurons in vivo with light delivery through the surface of the intact skull [1] . This demonstrates that invasive procedures for light delivery are not an obligatory component of optogenetic experimentation (see also [82] ).
While many deep brain structures still remain well beyond the reach of light delivered through the skull even when utilizing highly light-responsive engineered opsins, it would seem that SSFO-expressing cells in virtually all cortical layers, and perhaps superficial regions of olfactory bulb and cerebellum may be accessible in rodents using this light delivery method. Further work will be needed to define the maximal volume of brain tissue that can be functionally manipulated with light dispersed across the skull. In principle it may be possible to modulate large areas of widely distributed cortical neuron populations such as cortical fast-spiking interneurons, and this may have implications for optogenetics-based behavioral analysis in animal models of schizophrenia (and perhaps many other brain disorders). It also seems that more work will be required to fully understand the implications and limitations of enhanced light sensitivity for the SSFO variants, especially given that there is currently insufficient evidence to address whether the light sensitivity for channel closure with green/yellow light exhibits a proportional enhancement relative to activation with blue light. Our preliminary work using viral expression of SSFO variants suggests that despite the enhanced sensitivity of activation with blue light, a relatively higher irradiance with yellow light is required to ensure complete and rapid channel closure.
Further development of engineered opsins for activation and silencing
The recent resolution of the crystal structure of ChR2 [99] now paves the way for rational modification of gene function using mutagenesis. Already a wide array of ChR2 variants have been described which collectively span an impressive range of biophysical properties [100] . The development of fast and slow kinetic mutants of ChR2 enables control of neuronal firing on a timescale spanning several orders of magnitude, from the submillisecond (ChETA variants) to tens of minutes with a single light pulse (SSFO variants).
Complementary tools for optogenetic neuronal silencing would be of exceptional value in order to gain bidirectional control of neuronal activity on matched time scales and with similar effectiveness. The hyperpolarizing chimeric light-gated channel Hy-Lighter seems a promising candidate non-opsin based transgene for achieving extended bouts of silencing with a single brief light pulse [101] ; however, the requirement for co-application of the photoswitched tethered ligand presents a formidable limitation at present.
Secondly, much effort has been extended towards developing engineered opsins with variations in spectral properties. Developing engineered opsins with distinct peak activation wavelengths and narrow activation spectra is a major goal for achieving two-wavelength independent control of neuronal activity using multiple opsins in combination. Proof-ofprinciple has already been established for activation and silencing of a single population using the combination of ChR2 and NpHR [102] , as well as for independent activation of distinct neuronal populations using the combination of ChR2 and VChR1 [56] or ChR2 and the chimera C1V1 [1] . Further refinements will expand the capabilities and robustness of dual-wavelength optogenetic control, as well as potentially enhance practicality of alloptical approaches such as combined optigenetic neuronal control and imaging of neuronal activity or intracellular calcium dynamics. In the context of behavioral studies, it will be especially valuable to develop engineered opsins with peak activation spectra shifted more toward the infrared (IR) as opposed to opsins which are merely capable of some degree of responding to near-IR light. This will enable deeper penetration of light through neural tissue in order to better access deep brain structures, nuclei embedded in heavy myelination, and distributed neuronal populations. One such example is Halo57, a variant of NpHR that exhibits stronger hyperpolarizing photocurrent in response to near-IR light [103] . Given the potential for neuronal modulation with near-IR light, it will be important to carefully evaluate such potential confounds when stimulating opsins with near-IR light.
The most promising new variants of engineered opsins should be rapidly implemented in developing new transgenic lines with cell-type specific expression, or with expression that can be induced by Cre or tTA. As we have discussed, several unique molecular-genetic engineering strategies have been devised in recent years to attempt to overcome the limitation of insufficient opsin expression in transgenic lines (Figure 2) , and continued efforts along these lines will ensure rapid progress and continued success in developing highly useful transgenic lines for optogenetics research and beyond. One important feature of these designs is that they are 'transgene-independent' and can be generalizable to any transgene of interest requiring high-level expression to achieve full functionality. Additional rigorous testing is warranted to sufficiently validate each of these promising new strategies.
Development of transgenic rats for optogenetics research
To date there is only a single well-characterized transgenic rat line with functional expression of ChR2 [57] . Despite the immense value of the expanding array of transgenic mouse lines to enable optogenetic probing of brain function, there are notable limitations of using mice in behavioral assays. In particular, it is widely asserted that rats are a superior model for behavioral research involving training paradigms for goal-directed tasks (i.e. operant conditioning). Thus, it is anticipated that efforts directed at developing transgenic rat lines with expression of engineered opsins will greatly facilitate progress in behavioral neuroscience and would represent a welcome addition to existing viral gene delivery methods for achieving functional opsin expression in rats. The recent introduction of the first transgenic rat lines with functional expression of Cre recombinase in the nervous system was a major advance toward enabling precise targeting of opsin expression to genetically-defined neuronal populations in the rat [93] . The ChAT-Cre and tyrosine hydroxylase-Cre (TH-Cre) driver lines were developed by pronuclear injection of BAC DNA that was originally created by the GENSAT project to derive ChAT-Cre and TH-Cre transgenic mouse lines. Stereotaxic injection of Cre-inducible ChR2-EYFP virus into the ventral tegmental area (VTA) of TH-Cre driver rats resulted in functional ChR2 expression in VTA dopamine neurons, thereby imparting the ability to manipulate dopamine neuron activity and behavior with light [93] . This study further demonstrated that optical stimulation of VTA dopamine neurons was sufficient to support robust intracranial selfstimulation.
The successful development of BAC transgenic Cre driver rats establishes the feasibility of using BAC DNA derived from a mouse BAC library to instruct faithful transgene expression in defined cell types in rats. Although BAC libraries of rat genomic DNA are available as source material to create BAC transgenic rats, progress in this endeavor may be rapidly accelerated by re-purposing modified BAC clones that have been successfully utilized to create existing ChR2 BAC transgenic mice. It is also conceivable that this strategy could be implemented to create transgenic lines for ChR2 expression in other mammalian species such as non-human primates. Importantly, the same caveats that apply to BAC transgenic mice also apply to BAC transgenic lines for other species. For example, both the TH-Cre and ChAT-Cre rat lines are predicted to overexpresses 'extra' genes based on the selected BAC clones. It will be important to utilize strategies to eliminate unwanted genes from modified BAC DNA in order to develop cleaner transgenic lines with fewer potential confounds. Although Cre-dependent opsin expression has many advantages not adequately discussed herein, the availability of transgenic rat lines with direct opsin expression under cell-type specific promoters would circumvent the need for repeated viral injections in each experimental animal and should be a particularly welcome resource. This avenue represents one of the most exciting future prospects for realizing the full potential of optogenetics in behavioral neuroscience.
Highlights
• Diverse transgenic mouse and rat lines were developed for optogenetic neural control
• These lines can help establish a causal role of brain circuits to specific behaviors
• Transgenic lines have clear benefits as well as caveats for behavioral studies
• New avenues are proposed for developing future lines for optogenetics-based research contact investigator [81] Behav Brain Res. Author manuscript; available in PMC 2014 October 15.
